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Abstract: Seagrass ecosystems are significant coastal ecosystems where biodiversity, nutrient cycles, carbon
sequestration, and primary production processes are carried out. Epiphytic communities living on seagrass leaves play
a significant role in photosynthesis and ecological interactions in seagrass ecosystems. The biomass and productivity
of epiphytic communities are influenced by seasonal changes in temperature, nutrients, penetration of light through
water, and biological interactions. In the current study, seasonal variation in seagrass epiphytes is studied, and their
contribution to coastal primary productivity is evaluated using simulation-based research method. Four seasons,
namely pre-monsoon, monsoon, post-monsoon, and winter, were taken into consideration to study seasonal changes
in environmental factors, biomass of epiphytes, and primary productivity. A simulated data set of 120 samples was
constructed based on predetermined seasonal factors and variability of ecological factors. Mathematical models have
been used to determine the biomass density, photosynthetic productivity, and relative importance of epiphytes in the
overall ecosystem productivity. The simulations show that the biomass and productivity of the epiphytes are not
consistent throughout the year; the post-monsoon season shows the greatest biomass and photosynthetic productivity.
Availability of nutrients and underwater lighting influence the development of epiphytes, while environmental
suitability influences their productivity dynamics. This leads to the creation of a mathematical base that explains the
significance of epiphytes in relation to seagrasses ecologically and serves as a foundation for further research on
coastal ecosystems productivity.
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I. Introduction

Seagrass habitats are considered key coastal marine ecosystems existing within tropical, subtropical,
and temperate zones. The seagrass habitats are composed of submerged flowering plants which form
large-scale underwater meadows in the shallow coastal waters. The importance of these ecosystems is
linked to primary production, sediment stabilization, nutrient retention, carbon sequestration, and habitat
creation for different marine species. Additionally, seagrass habitats have complex biological interactions
between algae, microorganisms, invertebrates, and other species living on plants and in the sediments
surrounding them. Hence, the productivity of the ecosystem cannot be assessed solely based on seagrass
vegetation as there are other primary producers as well.

Epiphytes are one of the biological components of the seagrass ecosystem. They are able to inhabit
seagrass leaf surfaces, and they include diatoms, filamentous algae, cyanobacteria, and various other
photosynthesizing microorganisms. Epiphytes’ growth is based on the presence of proper surfaces for
attachment, nutrients, and favorable environmental conditions. Epiphytes play a role in coastal primary
productivity due to their ability to transform inorganic carbon into organic material using photosynthesis.
In addition, their mass serves as the basis for energy flows within the food webs of the marine ecosystem.
However, at the same time, the excessive growth of epiphytes may decrease the amount of light available
to seagrass leaves.

Understanding seasonality of the primary producer community of seagrasses is an important
consideration if one needs to explain the productivity variations of the coastal ecosystem. Temperature,
light, nutrients, currents, and biology can have an effect on the ratio of seagrasses and epiphytic algae.
Seasonal variations in relative contributions of primary producers may result in important differences in the
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ecosystem productivity level. The above information reveals the significance of the joint consideration of
seagrasses and epiphytes as ecological elements (Hasegawa et al., 2007).

Seasonal changes may influence the functioning of production-respiration-biomass accumulation within
the seagrass meadows system as well. It is possible that different cohorts of primary producers demonstrate
opposite seasonal dynamics in connection with their varying response to the environmental factors. As a
result, the changes in the composition of communities will affect the overall productivity of intertidal
seagrass meadows. This should be taken into account when analyzing the contribution of primary producers
to ecosystem functioning (Ouisse et al., 2010).

Another set of factors influencing epiphytes' growth include nutrient supply and grazing pressure.
Increased nutrients lead to increased growth rates in epiphytes, whereas grazing leads to the decreased
number of epiphytes via consumption. The ratio between nutrients supply, epiphytes accumulation and
grazing define the amount of epiphytes colonization in the seagrasses' leaves. Such changes may affect not
only epiphytes, but the physiological state of host plants as well (Frankovich & Zieman, 2005).

The seasonal and geographical variability in the seagrass community structures provides additional
proof of the complicated nature of these ecological interactions. Seagrass and epiphytes in habitat zones in
environmental transition zones would experience different temperatures, salinities, and nutrient conditions,
therefore having different cycles of growth during the seasons. This is an indication of the need to take into
account the regional environment in evaluating seasonal processes ecologically (Wheeler et al., 2025).

The structural pattern of biological associations is also affected by spatial variation among seagrass
beds. Different levels of water depth, sediment properties, vegetation density, and exposure can lead to
different spatial patterns of organisms that live with the seagrass vegetation. Seasonal changes in such
environmental gradients can affect the distribution of communities and ecological relationships, thus
rendering spatial variation an essential component in coastal ecosystem evaluation (Momota & Nakaoka,
2018).

Relationships of primary producers to other biological organisms within their community are especially
important for studying how the ecosystem responds to environmental variability. Seasonal variability of
seagrass-associated communities may affect ecological relationships, resource availability, and organism
distribution in seagrass environments. Inclusion of such relationships in the study of seasonal productivity
can help to enhance the understanding of ecosystem functioning (Namba et al., 2024).

Interactions between epiphytes and environmental changes in marine environments are also possible.
Changes in carbonate composition of seawater and other environmental factors may affect the functioning
of epiphyte populations and their role in increasing the productivity of seagrasses. This means that
productivity of epiphytes should be considered in terms of environmental factors that control the process
of photosynthesis (Berlinghof et al., 2022).

There is also an impact of climate-related environmental changes on primary productivity along coasts.
Temperature, fresh water supply, nutrients and hydrological conditions may influence resources’
availability and productivity of primary producers along coasts. These factors may cause large seasonal
variations in ecosystem’s productivity, especially among eutrophic estuaries (Rodrigues & Pardal, 2015).
Long-term changes in productivity need to be considered as seagrass ecosystems are able to change through
several years. Interannual variation in environmental conditions and vegetation’s growth may influence
overall productivity of seagrass meadows (Champenois & Borges, 2019).

Seasonal variation in epiphyte populations is further complicated by biological interactions. There may
be variation in the dominance of nutrient availability and grazing animals, and this would result in
alternation between bottom-up and top-down control of epiphytic algae. The above interactions provide
evidence that nutrients alone do not account for epiphyte population growth. It is necessary to evaluate the
two factors together (Whalen et al., 2013).
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A comprehensive quantitative assessment of the biomass of epiphytes, environmental parameters, and
their role in the primary productivity of the coastal region thus becomes essential for studying the seagrass
ecosystems. More specifically, the correlation between epiphyte biomass and photosynthetic productivity
needs to be studied under different seasonal scenarios. A modeling approach can help achieve this by
considering several environmental factors together in one system.

This current research work is aimed at studying the effects of seasonality on epiphyte communities in
seagrasses and measuring the contribution of epiphytes to coastal primary productivity using a simulation
approach. This study will look into four seasons with respect to environmental conditions, epiphyte
biomass, seagrass productivity, and total primary productivity. The main purposes of this study include
looking at the effects of seasonality on epiphyte biomass, effects of temperature, light, and nutrient on the
growth of epiphytes, contributions of epiphyte communities to coastal primary productivity in different
seasons, and association of epiphyte productivity with seagrass ecosystems productivity.

Structure of the rest of the paper is described below. Section 2 includes details regarding the research
methodology, ecology factors, simulations process, mathematical modeling, and analysis methods. The
findings from the seasonal simulations will be presented in Section 3 using comparative tables and graphic
analysis. Ecological aspects of seasonal epiphytes and their role in coastal production will be discussed in
Section 4. Recommendations for future work are offered in Section 5. Conclusions will be given in Section
6.

II. Materials and Methods

Research Design and Seasonal Classification

Simulation-based research methodology was used in the study to explore the influence of seasons on
epiphyte community of seagrass and its influence on primary productivity in the coast. The research model
took into consideration an imaginary seagrass meadow that experiences four different seasons:
pre-monsoon season, monsoon season, post-monsoon season, and winter season.

In total, 120 observations were generated through simulation, whereby 30 observations were allocated
to each seasonal period. An observation was considered to be a theoretical ecological sample from the
seagrass ecosystem. Controlled variation about specified values of seasonal parameters was used in the
model.

The pre-monsoon period was marked by high water temperatures, good nutrient levels, and good light
penetration. The monsoon season was marked by high nutrient levels coupled with low underwater light
levels due to suspended matter and water turbidity. The post-monsoon season was marked by clear water,
good nutrient levels, and good environmental conditions for the growth of epiphytes.

Selection of Environmental and Biological Variables

Environmental factors like water temperature, light availability underwater, and dissolved nutrient
concentration were considered during the development of this simulation model. Water temperature was
recorded in degrees Celsius, whereas light availability underwater was presented as PAR (photosynthetic
active radiation) in units of wmol photons m2 s™'. Dissolved nutrient concentration was indicated as the
sum of nutrients in units of umol L.

The biological variables were seagrass biomass, epiphytic biomass density, and epiphytic abundance.
The biomass of seagrasses was represented in g dry weight m2, while the epiphytic biomass density was
represented in mg dry weight cm™ of leaf surface area. The productivity variables were the primary
productivity of seagrasses, primary productivity of epiphytes, and overall primary productivity. The
measurement units used in these variables were g C m2d".
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Generation of Simulated Ecological Data

The artificial dataset was created through the allocation of seasonal parameters to the environmental and
biological variables. 30 records were created for each season, resulting in 120 records for the entire research
setting. The seasonal parameterization considered changes in temperature, underwater light intensity,
nutrient concentration, biomass of the seagrass, and biomass of the epiphytes. Random variation was
controlled to reflect variability between the individuals.

The simulation kept reasonable relations between environmental variables and ecological response
variables. Nutrient availability was taken into account as a variable that could contribute to the growth of
epiphyte biomass, while light availability was included as a limiting variable for photosynthesis. The
generated data was sorted into seasons, and season averages were computed.

Estimation of Epiphyte Biomass Density

Density of epiphytes was quantified by correlating the dry weight of epiphytes with the respective area
of leaves of seagrasses. This method helped in comparing the epiphyte loading at different seasons.
Equation (1) below illustrates the equation used.

gp = e 1
= (1)

In equation (1), EB represents epiphyte biomass density in mg dry weight cm 2, M,, denotes the dry mass
of epiphytic material in milligrams, and A; represents the corresponding seagrass leaf surface area in square
centimetres. Higher values indicate greater epiphyte accumulation relative to the available leaf surface area.

Estimation of Epiphyte Primary Productivity

Productivity associated with epiphytes was determined mathematically by factoring in the epiphyte
biomass as well as their environment into the model of productivity. The equation accounts for the
photosynthetic activity of the epiphyte biomass at different levels of light and temperature. The productivity
equation is given in equation (2).

PP, =EBXP, X F, X Fr XK (2)

In equation (2), PP, represents epiphyte-associated primary productivity, EB denotes epiphyte biomass
density, P, represents the biomass-specific photosynthetic productivity coefficient, F; denotes the light
suitability factor, and Fr represents the temperature suitability factor. The scaling coefficient K provides
the required unit conversion. Suitability values for light and temperature conditions ranged from zero to
one and indicated how favorable the environment is for photosynthesis.

Estimation of Combined Primary Productivity

The total productivity of both seagrass vegetation and epiphytes was calculated in order to determine
their total contribution to coastal primary productivity. This is expressed in equation (3).

PP, = PP, + PP, (3)

In equation (3), PP, represents combined primary productivity, PP; denotes seagrass primary
productivity, and PP, represents epiphyte-associated primary productivity. The equation gives a simple
way of expressing the photosynthesis produced by the two main primary producer groups as a whole,
without considering any losses from respiration, grazing, decomposition, or interactions between the host
plants.

The proportion of the total primary production attributed to epiphytes was estimated using equation (4).

REC PFe 100 4
= — X
PP (4)

[

www.aquaticfrontiers.com 114



Aquatic Ecosystems and Environmental Frontiers, Volume 4, Issue 4, December 2026 ISSN: 3049-186X
DOI: https://doi.org/10.70102/AEEF/V414/AF260414

In equation (4), REC represents the relative epiphyte contribution expressed as a percentage, PP, denotes
epiphyte-associated primary productivity, and PP, represents combined primary productivity. This index
helps in comparing the seasonal contribution of epiphytes to the general productivity paradigm.

Statistical Analysis and Methodological Workflow

Summary statistics techniques have been used to describe seasonality in environmental and biological
factors. Calculations of means for each seasonal class have been performed to show how temperature,
irradiance in the water column, nutrient concentrations, and epiphyte biomass vary among seasons.
Analysis of comparative nature has been carried out to study seasonal patterns of productivity and the role
of epiphytes in total primary productivity. Also, correlation analysis has been done to establish the
relationship between environmental parameters and epiphyte biomass.

The methodological framework included variable selection for ecology, allocation of parameters
according to seasonality, simulation of observations, biomass estimation of epiphytes, primary productivity
estimation, and seasonality comparison.

[ Selection of Ecological Variables j

!
[ Seasonal Classification j
!
4 )
Generation of Simulated Data
- J
!
4 )
Epiphyte Biomass Estimation
- J
!
4 )
Environmental Suitability Assessment
- J
!
4 )
Primary Productivity Estimation
- J
l
4 )
Seasonal Comparative Analysis
- J
!
4 )
Evaluation of Epiphyte Contribution
- J

Figure 1: Methodological Framework for Simulating Seasonal Variation in Seagrass Epiphyte
Communities and Coastal Primary Productivity
Figure 1 begins with identification of environmental and biological variables and then proceeds to
classify the observed variables into four seasons. Ecological data analysis is carried out using the biomass
and productivity equations; followed by calculating the average for each season and contribution made by
the epiphytes. The final stage in this procedure is the interpretation of the seasonal ecological pattern.

www.aquaticfrontiers.com 115



Aquatic Ecosystems and Environmental Frontiers, Volume 4, Issue 4, December 2026 ISSN: 3049-186X
DOI: https://doi.org/10.70102/AEEF/V414/AF260414

III. Results and Discussion
Seasonal Variation in Environmental Conditions and Epiphyte Biomass

Simulation outcomes showed that the different environmental settings and epiphyte biomass levels
existed during each of the four seasons. The variation of water temperature, underwater light intensity, and
nutrients was correlated to epiphyte development.

In the pre-monsoon season, there was a higher water temperature of 29.8°C with moderate nutrients and
underwater light intensity of 420 umol photons m s™'. The monsoon season had low temperature and light
intensity of 28.1°C and 260 pmol photons m s™' respectively, and high nutrient concentration of 8.1 pmol
L. Post-monsoon season had the highest underwater light intensity of 510 umol photons m™2 s, along
with the highest epiphyte biomass density of 0.68 mg dry weight cm™2. Winter season had low temperature
and moderate light intensity and epiphyte biomass density of 0.47 mg dry weight cm™

Table 1: Seasonal Variation in Environmental Characteristics, Seagrass Biomass, And Epiphyte Biomass

Density

Parameters Pre-monsoon | Monsoon | Post-monsoon | Winter
Water temperature (°C) 29.8 28.1 27.4 25.6
Underwater light (umol photons m2 s™) 420 260 510 360
Nutrient concentration (umol L™) 5.2 8.1 6.7 4.8
Seagrass biomass (g DW m?) 185 172 198 190
Epiphyte biomass (mg DW cm™) 0.42 0.51 0.68 0.47
Observations 30 30 30 30

As is shown in table 1, the increase in the biomass of the epiphytes was not proportional to the level of
nutrients. Despite the presence of the highest amount of nutrients during the monsoon season, the highest
epiphyte biomass was observed during the post-monsoon season. Thus, it can be concluded that nutrients
alone do not affect epiphyte formation.

Seasonal Variation in Epiphyte-Associated Primary Productivity

Productivity evaluation showed that the estimated productivity contribution to photosynthesis by
epiphyte assemblages was different during various seasons. The post-monsoon season had the highest
productivity of 0.78 g C m2 d ™!, while pre-monsoon productivity was 0.62 g Cm 2 d™'. The monsoon season
showed an estimated productivity of 0.48 g C m™ d™!, whereas the winter season had productivity of 0.55
gCm=2d™.

Despite nutrient availability being relatively high during the monsoon period, limited availability of
underwater light contributed to the photosynthetic efficiency. The post-monsoon period presented relatively
favorable conditions for epiphyte growth and photosynthesis.

This shows that the measures of epiphyte biomass and productivity are related yet different ecological
variables. Epiphyte biomass is the accumulated number of epiphytes while productivity is the rate at which
organic carbon is produced. This means that the presence of high epiphyte biomass does not mean high
photosynthetic productivity.

Contribution of Epiphytes to Combined Coastal Primary Productivity

The composite productivity model was employed to calculate the productivity of the epiphytic
community along with the seagrass community. It is found that both the biological entities contributed to
the productivity of the seagrass ecosystem.

The productivity during the post-monsoon season was the highest with a value of 2.88 g C m2 d™.
Seagrasses produced 2.10 g C m2 d! and epiphytes 0.78 g C m2 d' during this season. Epiphytic
productivity contributed about 27.1% to the total productivity during this season.
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Table 2: Seasonal Variation in Seagrass Productivity, Epiphyte Productivity, and Combined Coastal

Primary Productivity
Productivity parameters Pre-monsoon | Monsoon | Post-monsoon | Winter
Seagrass productivity (g Cm=2d™") 1.85 1.42 2.10 1.65
Epiphyte productivity (gCm=d™) 0.62 0.48 0.78 0.55
Combined productivity (gCm=2d™) 2.47 1.90 2.88 2.20
Epiphyte contribution (%) 25.1 25.3 27.1 25.0

Table 2 reveals that epiphytic community accounted for about one-fourth of the total productivity of the
four seasons. Though the vegetation of seagrasses constituted the greater part of the productivity, the
epiphytes added to the process as well. The greatest productivity contribution was made by the epiphytes
in the post monsoon season, which was indicated in table 1.

The monsoon season showed the least joint productivity at 1.90 g C m2 d™'. The lack of adequate
underwater light might have affected the joint productivity of seagrasses and epiphytes. The findings
highlight the significance of environmental suitability in the joint productivity of coastal communities of
primary producers.

Relationship Between Environmental Conditions and Epiphyte Development

From the modeled environmental interactions, it can be concluded that there are a number of factors
controlling the development of epiphyte communities. The nutrient supply favors the growth and buildup
of epiphytes while the underwater illumination is responsible for photosynthesis. Temperature impacts the
metabolism of epiphytes.

The monsoon season is one such instance showing the relationship between these parameters. Even
though there was a high concentration of nutrients at this stage, low light intensity correlated with relatively
low production by the epiphytes. This shows that high nutrient concentration does not always lead to high
photosynthesis when other factors are limiting.

Environmental conditions during the post-monsoon period were more favorable compared to other
periods of time. More light penetration and proper nutrient availability were observed along with high
epiphyte biomass and productivity estimates. These associations indicate that the seasonal response is
dependent on resource and environmental suitability availability together.

Ecological Interactions Between Epiphytes and Seagrass Vegetation

Epiphyte community and seagrasses vegetation are linked together due to physical attachment, nutrient
sharing, photosynthesis, and biological interactions. Seagrass leaves act as favorable surfaces for the
epiphytes to grow on, whereas the epiphytes add more organic material by means of photosynthesis.

However, too much of epiphyte growth may affect the photosynthesis of the seagrass plants due to the
decrease in the availability of sunlight reaching the leaves. Epiphytes’ moderate growth may help in
increasing the photosynthetic output of seagrasses and supply food for the grazers that may graze on them.

The simulation underscores the necessity to assess the amount of epiphyte biomass in combination with
seagrass productivity. The assessment of either will give an incomplete picture of seasonal variation in
primary production of the coastlines.

IV. Ecological Implications

The seasonal changes in seagrass epiphyte communities have great significance for the functioning of
coastal ecosystems. Epiphytes take part in photosynthesis, organic matter production, nutrient turnover, and
energy flow in marine ecosystems. Seasonal changes in their development may affect the productivity of
seagrass meadows.
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Simulation results show that the effect of epiphytes depends on environmental suitability. The
availability of nutrients favors biomass build-up, but light availability affects the effectiveness of
photosynthesis. Temperature and biological interactions also affect epiphyte growth. It can thus be seen
that seasonal ecological analysis should take into account several environmental factors.

Also, the relationship between the increase in epiphytes and productivity of the seagrasses is an essential
factor that needs to be considered. This is because even though epiphytes have an added advantage of
increasing photosynthesis, too much accumulation will decrease the light availability to the host plants.

The results also emphasize the significance of considering the associated primary producers in
evaluating the productivity of the coastal areas. Variations in the ratio between seagrasses and epiphytes
can affect the production of organic material and the energy level of the marine environment.

V. Recommendations

The future research should incorporate fieldwork of various seasons in various seagrass environments
to study the effect of seasonality on epiphyte biomass, species diversity, and photosynthesis. Environmental
variables that should be monitored include water temperature, water clarity, underwater light, nutrients, and
salinity. Also, grazing intensity and seagrass physical properties should be studied because they affect the
colonization of epiphytes. Research studies that look into the combined effects of nutrient enhancement and
light limitation will help increase our knowledge about seasonal ecological interactions. It is important to
refine the simulation model with local data on productivity rates.

V1. Conclusion

The current study analyzed the variation in the epiphyte community and its role in primary production
in seagrasses according to a simulation approach. Four different seasons have been studied for examining
the changes in the environment, epiphyte biomass, seagrass productivity, and combined primary
productivity. The findings showed significant differences in epiphyte biomass in different seasons, where
the post-monsoon season showed maximum estimated accumulation of epiphyte biomass. The productivity
analysis revealed that the epiphyte community played an important role in about 25.0-27.1% of the
combined primary productivity.

The results clearly indicate that the development of the epiphytes is affected by the relationship between
nutrients, light availability underwater, temperature, and biological conditions. The increase in nutrients
alone could not account for variations in biomass and productivity between seasons. The joint productivity
estimate showed that the epiphyte community plays an important part in the primary production associated
with the seagrasses.

This research develops a quantitative model for studying the seasonal ecological interactions and the
possible role played by the epiphytes in primary production in coastal regions. The numerical results
presented depend on the chosen simulation parameters and cannot be regarded as real measurements made
in the field. However, future studies that integrate the seasonal ecological data and experimental work could
develop the link between the epiphyte dynamics and seagrass productivity.
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